Evaluations of the nutritional impact of antibiotics have largely centered on effects related to the digestibility and utilization of protein and energy. Recent research has demonstrated that virginiamycin increases P digestibility. Because of the importance of P in diet cost and in waste management plans, the present study evaluated the potential impact of 2 additional antibiotics, bacitracin methylene disalicylate (bacitracin) and tylosin, on P digestibility in swine. A total of 48 barrows (mean initial BW, 63.0 to 82.9 kg) were used in 2 nutrient balance experiments. A basal cornsoybean meal diet that was not supplemented with any inorganic source of P was used in each experiment. In Exp. 1, two diets were tested: basal vs. basal plus 33.1 mg of bacitracin/kg of diet. In Exp. 2, two diets were also tested: basal vs. basal plus 44.1 mg of tylosin/kg of diet. In both experiments, the pigs were fed their diets for a minimum of 12 d before fecal and urine collection, and pigs were fed the diet at 2.7% of BW during the adaptation and collection period. In Exp. 1, the apparent DM, Ca, and P digestibility values for the basal and bacitracin diets were 91.69, 65.96, and 43.03 vs. 91.47, 65.46, and 41.79%, respectively, and did not differ by diet. In Exp. 2, the DM, Ca, and P digestibility values for the basal and tylosin diets were 91. 03, 62.17, and 38.80 vs. 91.11, 63.20, and 40.10%, respectively, and did not differ by diet. The effect of the antibiotics on gut microflora was also appraised but the evaluations failed to demonstrate an effect on the microflora measured, with the exception that tylosin decreased the number of phytate-utilizing bacteria (P = 0.05). Therefore, because these 2 antibiotics did not demonstrate an improvement in P digestibility, improvements in P digestibility seem to be an antibiotic-specific response rather than a generalized antibiotic response.
INTRODUCTION
Because P is an important mineral in bone formation and strength, it (along with Ca) has been examined more than any other mineral supplemented to swine diets (Kim and Lindemann, 2007) . Additionally, because supplemental P accounts for more expense than other supplemented minerals in swine diets and is associated with environmental issues, P is a mineral that many would like to reduce in the diet. Previous reports with broilers (Buresh et al., 1985; Schutte et al., 1994) indicated that the antibiotic virginiamycin improved apparent P digestibility. This phenomenon was confirmed in pigs by Agudelo et al. (2007) , who examined the effects of its addition in a variety of settings and demonstrated that the magnitude of improvement in P digestibility was dependent on the P digestibility of the basal diet. In corn-soybean meal diets not supplemented with P, in which the P digestibility was 30%, the improvement was as much as 6% (absolute basis); however, the improvement was reduced as basal P digestibility increased, and no improvement was observed when phytase was added to the diet in sufficient quantity to increase the basal digestibility to 60%. In addition to its effect on P digestibility, the antibiotic also increased Evaluation of antibiotic effects on phosphorus digestibility and utilization by growing-finishing pigs fed a phosphorus-deficient, corn-soybean meal diet P retention and Ca digestibility. The benefit of virginiamycin is interesting; however, the most recent Animal and Plant Health Inspection Service (2008) report indicated that the 3 antibiotics most commonly used in diets for grow-finish pigs are chlortetracycline, tylosin, and bacitracin. Given the biological and economic value of this improvement with 1 antibiotic, it seemed prudent to evaluate the potential effect of other antibiotics on P digestibility in swine. The objective of these experiments was therefore to evaluate 2 other antibiotics, bacitracin methylene disalicylate and tylosin, in a manner similar to that used in previous evaluations with virginiamycin.
MATERIALS AND METHODS
All the experiments were conducted under protocols approved by the University of Kentucky Institutional Animal Care and Use Committee.
Animals and Housing Conditions
Exp. 1. Growing-finishing barrows [(Yorkshire × Duroc) × Chester White; (Yorkshire × Landrace) × Duroc; and (Yorkshire × Landrace × Duroc) × Chester White; n = 58] were screened for potential use in the experiment based on age, previous growth pattern, and previous diets fed and were then fed a common grower diet for 21 d to standardize gastrointestinal tract conditions among the animals before selection for the balance experiment. This experiment was split into 2 separate collection groups (collection 1, n = 12; collection 2, n = 12). A group of 18 pigs (9 pairs of littermate barrows) were selected from the available pigs and fed an unmedicated low-P basal diet for a minimum of 7 d. They were then randomly allotted within pair to 1 of 2 treatment diets and were fed these diets for a minimum of 6 d before selection of the first 6 replicates for the study (the 6 most uniform of the 9 total pairs with respect to both individual BW and BW gain during the 13 d before the selection). The pigs were then moved to 12 stainless steel metabolism crates, where they underwent a 7-d adaptation to the metabolism crates and feeding regimen, followed by a 5-d total feces and urine collection phase. This process was then repeated with another group of 18 pigs from the remaining available pigs for collection 2. The beginning BW (mean of 63.0 and 82.9 kg for collections 1 and 2, respectively) and ending BW (mean of 69.8 and 91.1 kg for collections 1 and 2, respectively) of all pigs indicated an anabolic state during the collections.
Exp. 2. Preexperimental procedures similar to those in Exp. 1 were used with pigs (n = 34) of similar genetic background and the experiment was again split into 2 separate collection groups (collection 1, n = 12; collection 2, n = 12). For collection 1, 18 pigs (9 pairs of littermate barrows) were randomly allotted within pair to 1 of 2 dietary treatments. The animals were fed their respective diets for 5 d, whereupon 6 pairs were selected and placed in the crates for a 7-d adaptation to the crate and diet, followed by a 5-d total feces and urine collection phase. This process was then repeated with another group of 18 pigs, from which 12 were selected for collection 2. As in Exp. 1, the beginning BW (mean of 63.0 and 78.7 kg for collections 1 and 2, respectively) and ending BW (mean of 69.8 and 82.2 kg for collections 1 and 2, respectively) of all pigs indicated an anabolic state during the collections.
Dietary Treatments
A basal corn-soybean meal diet that was not supplemented with any inorganic source of P (Table 1) was prepared separately for each collection group. The basal diet met or exceeded all NRC (1998) nutrient requirement estimates with the exception of P. The 2 diets evaluated in Exp. 1 were the basal diet and the basal diet supplemented with bacitracin methylene disalicylate (BMD 60, Alpharma, Bridgewater, NJ) at 33.1 mg of bacitracin/kg of diet. The 2 diets evaluated in Exp. 2 were the basal diet and the basal supplemented with tylosin (Tylan 40, Elanco Animal Health, Indianapolis, IN) at 44.1 mg of tylosin/kg of diet.
Actual analyzed values for the dietary treatments are provided in Table 2 . For each collection, a large quantity of the basal diet was initially mixed (adequate for all 12 pigs in the collection group); the antibiotic being investigated was then added to 50% of this amount and a similar quantity of starch was added to the remainder for the unsupplemented diet. This procedure was used to prevent differences in nontreatment components of the diets. The amounts of product added to supply 33.1 mg of bacitracin/kg of diet and 44.1 mg of tylosin/kg of diet were 0.25 g of BMD 60 and 0.5 g of Tylan 40, respectively. Diet samples were then sent to commercial laboratories for analysis by methods approved for each antibiotic.
Adaptation and Collection Procedures
Once the pigs were placed in the metabolism crates, diets were weighed as individual meals into labeled plastic bags and were separated by treatment to avoid potential feeding mistakes. Pigs were fed at 2.7% of BW during the experiment, in a gruel form, with the feed divided into 2 daily meals. The beginning and end of the collection period was marked by the addition of 0.5% indigo carmine to the morning meal and observation of its subsequent appearance in the feces. After consumption of each meal, water was added to the metabolism crate feeder to allow ad libitum access to water between meals. During the collection periods, the total amounts of feces were collected daily, stored in plastic bags, and frozen at −20°C until the end of the collection period. The collection of urine was initiated 6.0 to 6.5 h after the feeding of the first marked meal and was completed 6.5 h after the feeding of the second marked meal at the end of the collection period. A total of 100 (Exp. 2) or 150 mL (Exp. 1) of 3 N HCl was added to the collection container at the beginning of each collection to prevent volatilization of urinary N. Urine was collected every 24 h, filtered, subsampled, and stored at −20°C.
Sample Preparation
To obtain a representative sample of urine for nutrient analysis, the collected samples were thawed at room temperature and proportionally composited by BW for each pig according to the recorded daily excretion. Composited samples were kept frozen at all times until analysis.
All frozen feces were dried in a forced-air oven (TruTemp, Hotpack Corp., Philadelphia, PA) at 55°C for 1 wk, and then air equilibrated, weighed, and ground through a 1-mm screen using a Wiley Laboratory Mill (Model 3, Arthur H. Thomas Co., Philadelphia, PA). All ground feces from each collection period were thoroughly mixed in a single bag for each pig. After being composited, feces were stored at 4 to 8°C until chemical analysis.
Laboratory Analysis
Dry matter in feed and feces was assessed according to an adaptation of the AOAC (1995a) method involving overnight drying (105°C) of the samples in a convection oven (Precision Scientific Co., Chicago, IL) and then calculating moisture contents as the difference between weighings. Gross energy contents were assessed by bomb calorimetry, consisting of the ignition of samples in a pressurized-oxygen environment, and measuring the heat of combustion as the amount of energy transferred to a known mass of water contained in the adiabatic calorimeter (Model 1261 Isoperibol Bomb Calorimeter, Parr Instrument Company, Moline, IL). Benzoic acid pellets with known combustion heat were ignited at the beginning and end of each set of samples to verify calorimeter calibration. Feed and feces samples were assessed in duplicate by a procedure adapted from AOAC (1995a). To measure urine energy, urine samples were put in flat polyethylene bags (Jeb Plastics Inc., Wilmington, DE) and oven-dried for 2 d at 55°C before combustion. To obtain the urinary energy content, the known heat of combustion per gram of bag material was subtracted from the total heat measured.
Feed and fecal N values were measured using Dumas methodology in an automatic N analyzer (Model FP-2000, Leco Corp., St. Joseph, MI). Ignition of blanks and EDTA samples with known N content was done daily to calibrate the equipment and to check for drift in the readings. Urinary N was determined at a commercial laboratory by a combustion method (official method 990.03; AOAC, 2006). Phosphorus in feed and feces was assessed by a gravimetric method (modification of method 968.08; AOAC, 1990) in which samples were weighed, ashed, acid-digested, and diluted to 250 mL, and then 50 mL of the liquid was reacted with Quimociac solution and filtered, and the precipitate obtained was weighed to calculate P concentration. Phosphorus concentration in urine was assessed as inorganic P by a colorimetric procedure (Procedure No. 360-UVP, Sigma Diagnostics, St. Louis, MO) using a spectrophotometer (Model Ultrospec IIE, 4057 UV/visible, LKB Biochrom Ltd., Cambridge, UK). Concentration was measured under UV light at 340 nm. A commercial reagent was used (ammonium molybdate, 0.40 mmol/L in sulfuric acid with surfactant; Catalog No. 360-3, Sigma Diagnostics) along with a set of 3 standards containing 1, 5, and 15 mg/dL of P (Ca/P Standard, Catalog No. 360-5, Sigma Diagnostics). All other mineral elements were assessed by flame atomic absorption spectrophotometry (Thermoelemental, Solaar M5, Thermo Electron Corp., Verona, WI) according to a modification of the AOAC procedure (method 927.02; AOAC, 1995b).
Gut Microbiology Experiment
After the collection phase, the pigs were moved to group pens (1.22 × 2.44 m) with 2 pigs per pen for a maximum of 3 d. During this period, the pigs continued to receive their respective experimental diets and were allowed ad libitum access to feed and water. Pigs were then transported to the abattoir for the gut microbiology portion of the experiment. Pigs were humanely killed by exsanguination after electrical stunning. Ileal samples were taken immediately after slaughtering each pig to assess the bacterial profile and digesta pH. Samples consisted of a section of approximately 60 cm of the distal ileum and its contents. Sampling involved a double ligation with a cotton thread of both ends of the ileal section, removing the ileum portion, and transporting it on ice to the laboratory for pH determination and bacteria culturing. The quantification of phytateutilizing bacterial populations, as colony-forming units per gram of ileal contents (cfu/g), was conducted according to the procedure described by Bae et al. (1999) . At the same time in Exp. 1, fecal samples were taken for freezing and subsequent analysis for a Clostridium perfringens culture score. Samples were taken from the terminal rectum immediately after slaughter from the first set of pigs and by catching a sample from the anus of the pig on the way to the abattoir for the second set of pigs. Fecal samples were diluted with water and streaked into 4 quadrants on blood agar plates. The plates were incubated anaerobically. Clostridium perfringens produces β-hemolytic, flat, spreading, rough, translucent colonies with irregular margins. A quadrant was positive if any growth of C. perfringens was found to be consistent with these criteria. The culture scores ranged from 0 to 4, indicating how many quadrants were positive.
Statistical Analysis
This experiment challenged the null hypothesis of no effect of bacitracin or tylosin on P digestibility. The treatment structure was a 1-way treatment classification and the experimental unit was the pig. Analysis of variance was performed as a randomized complete block design using the GLM procedure (SAS Inst. Inc., Cary, NC). The model for analysis included the effects of collection group, pair within collection group, diet, and the diet × collection group interaction. For analysis of the C. perfringens culture scores, which were qualitative (categorical) values rather than quantitative values, a contingency table was developed and analyzed (GraphPad Prism, Graph Pad Software, San Diego, CA). The error term reported is the SEM and the α level used for determination of statistical significance was 0.05, with 0.10 used to declare a tendency for significance.
RESULTS AND DISCUSSION
Pigs were in good health and condition during the experiments. In each experiment, one pig in the second collection group did not consume its feed the same as the other pigs in that collection group. This pig and its matched littermate were removed from the data set, resulting in 22 pigs (11 replicates) within each experiment.
Results of the experimental diet analyses for bacitracin and tylosin concentrations (Table 2 ) demonstrated good incorporation of the antibiotics into the diets. Analyzed concentrations were within 2% of target concentrations in 3 instances and were 86.5% of target concentrations in the other instance.
The addition of bacitracin (to provide 33.1 mg/kg of diet) did not improve the digestibility of DM, energy, N, Ca, or P (Table 3 ). The addition of tylosin (to provide 44.1 mg/kg of diet) also did not improve the digestibility of energy and nutrients (Table 4) . For both antibiotics, the retention of P as a percentage of that absorbed was essentially 100%. This was expected, given the fact that the diets had no added inorganic P and were designed to be below the NRC (1998) P requirement estimate. Thus, total excretion is essentially all fecal excretion; this would not mimic typical commercial swine production, in which supplemented inorganic P would yield varied amounts of urinary P depending on the amount of P supplementation. Conversely, N excretion was largely urinary for all treatments (fecal excretion would be the difference between intake and absorption and urinary excretion would be the difference between absorption and retention) and was quite close to what would be expected in commercial production. It should be noted that although absolute N absorption was not increased by either antibiotic, these pigs were all limit fed. Pigs allowed ad libitum access to feed with antibiotics generally have an increase in feed intake that provides a portion of the recognized growth response. Hays (1979) summarized antibiotic effects for many ages of pigs and many experimental conditions after 30 yr of use in the animal production industry. The summary included growth effects in the nursery phase for many antibiotics, including bacitracin, tylosin, and virginiamycin. For these antibiotics, the improvements in daily BW gain (9.7, 14.8, and 11.0%, respectively) and feed efficiency (3.3, 6.0, and 5.0%, respectively) were all reasonably similar across 11 to 23 experiments for each antibiotic. For the grower phase, improvements in daily BW gain (5.1, 10.9, and 10.7%, respectively) and feed efficiency (2.5, 4.2, and 6.6%, respectively), when summarized across more than 20 experiments for each, were less than in the nursery phase but were still reasonably similar. For the finisher phase, improvements in daily BW gain (2.5, 4.6, and 5.7%, respectively) and feed efficiency (2.7, 1.5, and 3.2%, respectively), again when summarized across more than 20 experiments for each, were still less than the nursery phase but again were positive and reasonably similar.
Although these whole-animal responses were reasonably similar, it is clear from the effects observed herein for P digestibility, compared with that observed by Agudelo et al. (2007) , that the antibiotics are not similar for their effect on P digestibility and that it is thus an antibiotic-specific effect. Bregendahl et al. (2007) conducted a study to examine the effects of 5 concentrations of tylosin (0, 11, 22, 44 , and 110 mg/kg of diet) on digestive and postabsorptive utilization of dietary CP, Ca, and P in growing pigs fed corn and soybean meal-based diets. The dietary inclusion of tylosin at 11 mg/kg of diet was optimal and was reported to improve the efficiency of digestive utilization of Ca and P; however, because the Ca retention was affected quadratically and P retention was affected cubically in an inexplicable manner, in which the benefit demonstrated at 11 mg/kg of diet was balanced by a detriment of a similar magnitude at greater quantities of tylosin, it is questionable whether there was any true biological effect in the pigs. In the present experiment, there was a numerical increase in P digestibility in the tylosinsupplemented pigs (38.8 vs. 40.1%, P = 0.67; Table 4 ). Agudelo et al. (2007) demonstrated that the absolute improvement in P digestibility with virginiamycin was dependent on the P digestibility of the basal diet. If the 2 antibiotics used herein were to give the same response as virginiamycin in the study by Agudelo et al. (2007) , then for the basal P digestibility of 43.03% observed in the bacitracin study, a digestibility value of 46.11% would be expected with the supplementation. In addition, for the basal P digestibility of 38.80% observed in the tylosin study, a digestibility value of 42.74% would be expected with the supplementation.
It should not be surprising that all antibiotics would not have total similarity in the types of responses they provide, given that they have different modes of action. Bacitracin inhibits the transport of peptidoglycan precursors through the cytoplasmic membrane, thereby inhibiting cell wall synthesis (Page, 2003) . Tylosin, in common with the other members of the macrolide class, binds reversibly to the 50S ribosomal subunit of susceptible bacteria, inhibiting mRNA-driven protein synthesis by blocking transpeptidation and translocation reactions (Champney and Tober, 2000) . For virginiamycin, both virginiamycin factors M and S bind specifically and irreversibly to 50S ribosomal subunits at the intracellular level, the binding thereby inhibiting the formation of peptide bonds during protein synthesis (Page, 2003) .
Gut Microbiology Experiment
Given that effects were not observed for any of the apparent digestibility responses, it is not surprising that there were no changes in ileal bacterial counts at slaughter (Table 5 ). The feeding of these antibiotics Antibiotics and phosphorus digestibility generally did not result in any changes in ileal bacteria counts (P ≥ 0.12). The one exception was that feeding tylosin resulted in a reduction in phytate-utilizing organisms (P = 0.05). This is in contrast to that observed by Agudelo et al. (2007) , where the long-term feeding of virginiamycin resulted in a positive numerical increase in the number of phytate-utilizing bacteria in the P-deleted diets (more than 1 log unit increase over the controls) when virginiamycin was added. Phytateutilizing bacteria were the intestinal organisms of greatest interest; the failure of either antibiotic to increase the number of phytate-utilizing bacteria in conjunction with even a small numerical increase in P digestibility supports the concept that these antibiotics do not affect P digestibility similar to virginiamycin. In Exp. 1, fecal samples were submitted to culture scoring for C. perfringens. Only 1 of 10 pigs sampled in the control group did not have evidence of the organism, with strong scores for many of the 9 positive cultures, whereas 7 of 10 pigs in the bacitracin-supplemented group were negative for the presence of C. perfringens (P < 0.05). This effect is consistent with other observations; bacitracin has been shown to effectively control clostridial enteritis caused by C. perfringens in suckling piglets born to sows medicated with bacitracin (Duquette et al., 1990) and to control porcine proliferative enteropathy in growing-finishing pigs (Kyriakis et al., 1996) .
In conclusion, the antibiotics bacitracin and tylosin did not improve any aspect of Ca or P utilization in pigs that was measured in this study. Thus, any improvements that may exist in P digestibility with antibiotic feeding seem to be antibiotic specific.
